Introduction
Phase-locking of laser arrays has been considered since the eighties as a means to increase the power and the brightness of laser sources. Falling into the general frame of laser combining it is still a hot topic nowadays. Coherent operation of a laser array was sought by various optical feedback and coupling techniques which belong to the so-called passive phase-locking techniques. It started with semiconductor diode lasers [1] , gas lasers [2] and quickly extended to solid-state [3] and then to fiber lasers [4] [5] [6] . Passive phasing of lasers with non identical cavity length, the most likely situation with fiber lasers, has proved to work with a low number of lasers only. Phaselocked arrays of fiber sources indeed have shown to lose their spatial coherence when the number of elements in the array is approximately above ten units. Therefore operating a fiber laser array of large size in a coherent way is challenging. The drop in phase synchronism was predicted by various theoretical approaches considering coupled cold (empty) cavities (see [7] ). These investigations dealt with the statistical properties of the filtering of longitudinal modes common to all the individual resonators. It was experimentally observed also by many groups [8] [9] [10] [11] . However a complex system like a coupled array of lasers cannot be fully described without taking into account the intrinsic nonlinearity of the lasers. Thus, subsequent theoretical approaches including gain saturation and resonant phase nonlinearity [12] [13] [14] [15] have shown that passive techniques to phase-lock a laser array could be more efficient than initially considered. In lasers based on a ytterbium doped fiber amplifier (YDFA) in particular, the resonant nonlinearity may be significant (especially on the long wavelength side 1070-1090 nm). The resulting gain-phase coupling leads theoretically to a linewidth enhancement factor close to one [12] . In a properly design cavity, the additional phase-shift accumulated during amplification may significantly impact the behavior and in-phase operation of the fiber laser network with scattered lengths [12] [13] [14] [15] . In a recent paper, Chiang et al [15] experimentally demonstrated that the phase-shift due to population inversion in YDFA could actually compensate for the linear phase detuning between the two arms of a double channel fiber laser. We proposed a composite cavity scheme which takes advantage of the gain dependent phase for enhancing the performances of a phase-locked fiber laser array. The design is based on a ring composite cavity where global coupling among the different fiber rings is performed by a specific device, derived from phase-contrast imaging (PCI). In the present letter, we report the first experimental results on the phase-locking of a large array, with up to 20 fiber lasers, based on a PCI coupling scheme. It is also, to the best of our knowledge, the most efficient coupling efficiency reported for a fiber laser array of that size.
Laser array set-up
The laser arrangement is schematically depicted in figure 1. It consists in the combination of a parallel set of unidirectional ring fiber lasers with a coupling device. The PCI device ensures coupling among the lasers in the array and also performs the selection of the in-phase supermode through mode dependent transmission losses. Additionally the PCI set-up maps phase deviation across the output beam array into intensity modulation. Numerical simulations have shown that together with gain dependent phase-shift, the PCI coupling might lead to an improved phase-locking efficiency [14] . In the following, we give more details on the arrangement. Each fiber loop was made up of the same components to form a Watt class amplifier. It consisted in an optical isolator, in a double clad ytterbium doped fiber pumped through fiber combiners, in pieces of passive optical fiber and in a polarization controller. Pump drivers were set to provide approximately the same pump power to each amplifier. Inputs and outputs of the fiber loops were spliced to optical fiber bundles whose end-face formed a 2D array of optical fibers in a square lattice with a pitch of 250 microns. Microlens arrays served on the input side to couple laser fields in the set of fiber amplifiers and on the opposite side to collimate the amplified beams exiting from the bundle. A beam splitter served as a cavity output coupler, the reflected fraction of the beams being directed for feedback to the ring cavity. The feedback fields first crossed the PCI device that coupled all the elementary lasers together. The PCI relied on a telescope with unity magnification in which an amplitude and phase filter (APF) was introduced to filter out the wavevector spectrum. The APF is based on a glass plate with dielectric coatings. It is characterized by a central square hard aperture of high transmission surrounded by a uniform part of lower transmission. The two areas exhibit a phase difference of π/2 in their amplitude transmission coefficient. The individual laser fields after filtering S mn can be expressed as:
, where diffraction from the hard aperture amplitude-phase filter has been included. E mn is the input field on row m and column n in the square array of NxN lasers, p stands for the array pitch, γ denotes the APF normalized aperture width (size of the central part of the filter normalized by the width of the far field central lobe when the NxN beams are inphase), w is the radius at 1/e 2 in intensity of the individual beams assumed to be of Gaussian profile. The parameters of the APF, dimension of the central part γ, transmission of the side part β, were optimized to preserve phase-intensity mapping whilst ensuring a higher transmission for the in-phase supermode. That was achieved by means of numerical simulation of the PCI device including diffraction effects and overlap with the optical fibers mode. Typical values were β ~0.3 and γ ~0.7. The discrimination can be further enhanced by the use of an APF with multiple transmission area located on the in-phase mode far field side lobes. In order to facilitate the occurrence of common longitudinal modes between the different fiber rings, we tried to vary their optical path length. In the experiments reported here, the average round trip length was 45 m and the standard deviation in sub-cavity length in the array was of the order of a few meters. That is the parameter which usually matters when considering the theoretical evolution of the phase-locking with the number of lasers [10] . Measurement of the phase-locking efficiency is commonly based on the contrast in the far field interference pattern of the laser output, especially with a tiled aperture laser array [8, 17] . It was measured in our experiments with a fraction of the output beam array by means of a CCD camera located in the focal plane of a positive lens. We will denote here the measured contrast by C in what follows and will name it the phase-locking level.
Results and discussion
As a starting point we built up a 2 × 2 laser system. A phaselocking parameter of C = 92.6% was obtained. We further carried out experiments with arrays of larger size by progressively adding fiber amplifiers in the composite cavity. The new fiber loops were spliced to the free ports of the fiber bundles. Arrays of 3 × 3, 4 × 4 and finally 4 × 5 lasers were successively realized, limited in size by the availability of components. A series of typical output recorded for 2 × 2, 3 × 3 and 4 × 4 lasers is shown on figures 2 (a)-(c) and compared to an incoherent array ( figure 2(d) ). The far field interference patterns were well structured with a high contrast and demonstrated clearly that the laser operated on the in-phase supermode of the array in all the three cases. The envelope of the figure is fixed by the common Gaussian shape and size of the individual beams collimated at the exit of the fiber bundle. It was therefore identical in the three far fields. The position of the four main side lobes and their distance from the center are connected with the square lattice and with the pitch of the array. They were the same in the whole recordings. However, the width of the main central peak as well as that of the side lobes shrank from figure 2(a) to figure 2(c) in agreement with the increase in the array size. The measurements of the central peak full width at half maximum (FWHM) gave 2. and 0.93 mm −1 . The cross-section profiles were also nicely similar to the theoretical ones, even in the modulation of the low background. The phase-locking levels were measured to be of high value, C = 92.6%, C = 93% and C = 85% respectively for the four, nine and sixteen laser arrays. The phasing quality gently decreased for the array of larger size like it was predicted. The last step was to put four more lasers in the cavity, the array being limited in size by the availability of components. The new rectangular array was then made up of 4 × 5 beams. The geometry of the beam network was no longer well matched to the square shape of the phase filter in the coupling device. A better arrangement could have been based on a 5 × 5 structure with missing beams in the four corners and in the middle. Unfortunately damages on some exit faces of the fiber bundle obliged to choose a 4 × 5 option. Because the fiber loops were not polarization maintaining the manual adjustment of the several polarization controllers was long and tricky to get an efficient phase-locking. In that condition, it was unlikely that we reached the best possible performance. , ΔN y = 0.72 mm −1 ) as well as the width of the array lobes. A difference can be noticed only in the subfringes between the lobes. The phaselocking level was measured to be C = 78%, a high value for a fiber laser array of that size. The parameter stands between the two expected values of 72% and 83% derived from modeling and using a linewidth enhancement factor of 1 and 2 respectively (see [14] ). In addition, the stability of the phase-locking is another noticeable feature of the laser design. The evolution of the peak intensity of the far field laser array versus time was recorded with a photodiode in an unprotected laboratory environment. The measured standard deviation of the fluctuations was typically of 1.1% only, in striking difference with respect to what has been observed in other experimental situations with different phase-locking schemes [8, 11] . A good stability of the phase-locking was also obtained in the above mentioned configurations (3 × 3 and 4 × 4 arrays). That characteristic could be an additional benefit of the gain contribution to the phase involved in the operation of the phase-contrast coupling scheme. The laser spectrum consisted in many narrow spectral lines with a roughly bell-shaped envelope of approximately 4 nm bandwidth centered on 1086 nm.
Conclusion
In conclusion, we have experimentally achieved a coupled fiber laser network of large size based on the technique of phase-contrast filtering in a ring composite cavity. Experiments carried out with up to 20 amplifying fiber loops demonstrated successful and efficient self-organized phase-locking of the output beam array. It is, to the best of our knowledge, the most efficient coupling efficiency reported with a passive technique for a fiber laser array of that size. For the whole experiments, phase-locked operation as well as beam pointing remained remarkably stable despite the fact the laser worked in an unprotected environment and included free space paths in the cavity. We believe that the reported performances confirm the benefit expected from the cavity design and derived from modeling. The next step could be to scale up in power the lasers operated here at a moderate power level (up to 12 W). Similarly to a recent experimental result with a diode laser array [18] our works demonstrate that it is possible to obtain performances surpassing the initial limitation found for passive laser coupling
